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For the first time, we show that the capacitance-voltage behavior of modulation-doped 
heterojunctions may be accurately described by a first-principles theory that includes self-
consistent quantum two-dimensional (2-D) electron subbands in the GaAs, numerical solution of 
Poisson's equation for band bending and space charge in the (Al,Ga) As, and series resistance in 
the 2-D channel and heterointerface. The exceUent agreement found between the theory and 
measurements on selected high-quality Mo.3 Gao.7 As/GaAs heterojunctions allows accurate 
detennination of the maximum 2-D carrier concentration. From this, we find a strong 
relationship between the conduction-band discontinuity and donor binding energy, giving offsets. 
of76 and 66% of the direct gap discontinuity for binding energies of 66 and 30 meV, as derived 
from published data. 
With the development of molecular beam epitaxy 
(MBE), abrupt III-V semiconductor heterojunctions have 
attracted much interest for device applications. Of these sys-
tems, the Alx Gal _ x As/GaAs heterojunction has been the 
most widely studied, primarily as a result of its application in 
the modulation-doped heterojunction field-effect transistor 
(MODFET). I In this regard, the (Al,Ga) As/GaAs conduc-
tion-band discontinuity2-14 and (Al,Ga)As donor ener-
gies15.16 playa major role in MODFET operation, and much 
work has been devoted to their determination. In this letter 
we describe a novel alternative measurement relating these 
quantities based on capacitance-voltage (C-V) profiling of 
n+ -Alo.3 Gao.7As1p- -GaAs MODf'ET's. The method uti-
lizes the excellent agreement between theory and experiment 
for C- V profiles of selected high-quality MODFET devices 
to yield the maximum transferred 2-D electron density, Nsat , 
without the use of possibly ambiguous magnetotransport 
measurements. 17 The measured value of N sat is related to the 
conduction-band discontinuity, .JEc ' and found to be rela-
tively insensitive to the uncertainties in device parameters 
but quite sensitive to the (AI,Ga) As donor binding energy. 
An offset ratio of the conduction band to the valence band of 
76:24 ± 5 is found for an assumed donor energy of 66 meV 
(after Chand et al. (5), but 66:34 ± 5 results for an effective 
energy of 30 meV (derived from Schubert and Ploog16). 
The MODFET structure we discuss here consists of the 
following component layers: (1) an unintentionally doped, 
thick p-type GaAs buffer layer, (2) a thin un doped 
Alx Gal _ x As spacer of thickness d l, (3) a doped n-type 
Al" Gal _ x As of thickness d - d I and doping density Nd , 
and (4) a metal gate, characterized by a Schottky barrier 
height Vs' Picking z as the coordinate perpendicular to the 
layers with - d < z < 0 in the {Al,Ga)As and z> 0 in the 
GaAs, the electronic structure of the system is described by 
the usual self-consistent SchrOOinger equation 18. 19 
where;; is the subband wave function, Vc (z) = AEc B ( - z) 
describes the conduction-band discontinuity, Vxc is a local 
density functional exchange-correlation potential, and <p(z) 
is the electrostatic potential given by the Poisson equation 
- <p "(z) = 4;e (nd(z) - ne(z) - nc{z) - no{z) - -+ n;;;{z)). 
(2) 
Here, nd (z) is the density of ionized donors in the (Al,Ga)As, 
ne (z) is the free-electron density in the (Al,Ga)As, nc (z) is the 
density of compensating acceptors [taken as CNd(z) for a 
compensation ratio C and doping profile N d (z)], no (z) is the 
density of ionized residual acceptors in the GaAs, and nj is 
the sheet density of electrons in the ith subband. The overlap 
of subband electrons at the heterojunction and charges in the 
(Al,Ga)As is small, 18,20 so we solve Eqs. (I) and (2) for the 2-D 
subbands at the heterointerface, ignoring nd and ne , finding 
the electric field at z = ° by conservation of charge. We use a 
set of orthonormalized Fang-Howard variational wave 
functions21 and take 
nj = (mkT 11rlf)lnl1 + exp (lEf - E1)/kT]J, (3) 
where Ef is the Fermi energy and the other symbols have 
their usual meaning. Having found the subband energies E; 
and occupancies nj for a given Fermi energy, we solve the 
Poisson equation (2) numerically for z < 0, using 
nd(z) 
Nd(Z) 
= 1 +2[exp{EslkT)+exp{Ed1kT)] exp[(Ef-<p)/kT]' 
(4) 
ne{z) = NdOS exp [(Ef - <p )/kT], (5) 
where Es and Ed are shallow and deep levels of a single 
donor, 15 and N dos is the density of states for the r, X, and L 
minima in the {Al,Ga)As.22 The gate voltage corresponding 
to a given Ef is then given by Vg = Ef + Vs + e<p ( - d ). The 
capacitances of the subband electrons, {AI,Ga)As donors 
and free electrons, and acceptors in the GaAs are given by 
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FIG. I. MODFET capacitance vs gate bias. The theoretical C- Vresponse of 
a400XSOpm' gate size FET with Nd = 2.8x 10'8 cm- 3, d = 367 A, and 
d I = 1 so A is shown at 77 and 300 K. Curve (1) is the capacitance due to 
subband electrons; (2) is due to occupied donors in the (AI,Ga)As; (3) is due 
to free electrons in the (AI,Ga)As; (4) is due to acceptors in the GaAs buffer. 
Curve (5) is the total capacitance of(IH4). 
the derivatives of the corresponding areal. densities with re-
spect to Vg , Typical results are shown in Fig. 1 for the case 
where Vxc and subband penetration into (AI,Ga)As are ig-
nored. 
The results shown in Fig. 1, computed as described 
above, neglect the effects of series resistance known to be 
important in high-frequency C- V measurements. In the gate-
source C- V measurement described here, the current in-
duced by the ac gate bias flows through the source contact 
(with contact resistance R c ), along the 2-D channel (with a 
finite resistivity '2d = L /eflns W, for total subband areal 
density ns , mobility fl, gate length L, and width WI, and then 
into the (Al,Ga)As across the heterojunction (with an as-
sumed constant specific resistance ,.). This assumes that the 
fully depleted GaAs buffer and low conductivity (Al,Ga)As 
layers are too resistive to support high-frequency current 
flow along the layers and that the applied dc biases are insuf-
ficient to cause significant leakage currents across the 
Schottky barrier. This model of ac current flow is incorpo-
rated into a distributed network using the computed C-V 
response and the resistive parameters described above, and 
the admittance is given by 
A = I [Ao tanh(Ao'2d1] -I + Rc I-I, (6) 
where 
Ao = (1 + 11[WLW(C2 + C3 )]:1/2 (7) 
2'2d 1 + iwC3,s . 
Here, W is the angular frequency, C2 is the subband capaci-
tance, and C3 is the total (AI, GalAs capacitance. Figure 2 
shows the effects of this series resistance on the effective ca-
pacitance for the devices considered (L = 50 and W = 400 
flm at 1 MHz). Writing A = G + iwCelf , the paranel conduc-
tance G is a measure of the distortion of the C- V response and 
assumes finite values when (1) in reverse bias, '2d increases 
faster than C2 decreases, and (2) in forward bias, the large 
value of C3 leads to a significant ac voltage drop across the 
heterojunction resistance 's' 
A number of MODFET devices were characterized. by 
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FIG. 2. Effective MODFET C-Vresponse. The theoretical and experimen-
tal response of the MODFET described in Fig. 1 is shown, including series 
resistance effects at 1 MHz. Curve (II is the "intrinsic" capacitance due to 
the subband electrons, donors, and free electrons in the (AI,Ga)As, without 
inclusion of series resistance. Curve (2) is the effective capacitance and curve 
(3) is the parallel conductance (measured in pFI. (0) Experimental data for a 
selected MODFET. 
C- V measurements at frequencies from 0.01. to 10 MHz and 
temperatures of 77 and 300 K. All. devices were grown by 
MBE on semi-insulating substrates with an undoped GaAs 
buffer thickness of 1 flm followed by 380-500 A of 
Ala.3 Gao.7 As. The (Al,Ga)As consisted of an undoped spac-
er, ranging from 30 to 150 A, followed by Si doping concen-
trations of 1 X 1018-3 X 1018 cm -3. Gate recesses were che-
mically etched to a total (AI,Ga)As thickness of - 300-400 
A and bad evaporated Al gates applied. At 77 K, a small. 
fraction of the devices measured clearly exhibited the "dou-
ble step" C- V profile shown in Fig. 2. The C- V response of 
these devices at 77 and 300 K was fit to the theory, assuming 
a Schottky barrier of Vs = 0.9 eV, an Al mole fraction of 
x = 0.3, the specified spacer width, and a deep donor energy 
of Ed = 66 meV. The series resistance parameters Rc and 
channel mobility were inferred from /- V and. magnetotran-
sport measurements. The three remaining free material. pa-
rameters, total (AI,Ga)As thickness d, donor density N d , 
and band offset A.Ec' were varied to achieve the best tit in the 
region of the first step (due primariJl.y to charge control of the 
2-D electrons). The value of the heterojunction specific resis-
tance,s was chosen to give the best fit at large forward bias, 
where the response is due primarily to charge control of the 
(AI,Ga)As donors. As the C-Vresponse in the region of the 
first step exhibits a d.efinite onset, width, and height, the best 
fit yielded reasonably unambiguous values of d, Nd , and 
t1.Ec . In all cases, the determined values of these parameters 
satisfied the physical constraints: (l.) A.Ec constant for all 
samples, (2) d less than the metallurgical thickness of the 
(Al,Ga)As and independent of temperature, and (3) Nd con-
stant at 300 K for al.J: devices from the same wafer and in 
agreement with the approximate values determined from 
growth fluxes and forward-bias C- V measurements. The 
agreement between theory and experiment is generally ex-
cellent, with two exceptions. The d.eviation of the 300 K C- V 
response in forward bias from the predicted behavior is prob-
ably due to the assumption of a constant value of,., which is 
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FIG. 3. Relation between 
0" the conduction-band dis-
continuity and A103 Gao 7 
As deep donor energy as 
.,... determined from the maxi~ 
mum 2-D carrier concen-
tration N .. , for several 
MODFET's. The conduc-
tion-band offset t;.Ec is 
- measured with respect to 
the total band-gap discon-
tinuity t;.E.. Ie) From 
MODFET's with 150-A 
- spacers; I"') for a 30-A 
spacer. The difference 
I 
between the curves is at-
I tributab1e to experimental 
060 _~':":2'0C--_-="O~---6LO-----.J80 errors and uncertainty In 
Ed (m.V) the spacer thickness. 
strictly applicable only when the overlap of charge control in 
the subbands and (Al,Ga)As is negligible. The broadening of 
the measured C-V response compared to the theory was seen 
to a greater or lesser degree in all devices and is almost cer-
tainly due to fabrication nonuniformities in the (Al,Ga)As 
thickness d. The amount of deviation shown in Fig. 2 can be 
accounted for by a long-range variation in d of only + 5-10 
A. The lack of clear "double-step" behavior seen i;-many 
devices could easily be explained by somewhat larger devia-
tions in d. Although the values of the fitted parameters were 
consistent between samples and with other measurements, 
their exact value could be affected by the fixed parameters 
chosen or assumptions made. However, the excellent fit of 
the overall C- V response allows the unambiguous determin-
ation of the maximum 2-0 electron density, Nsato which is 
directly related to an integral of the C2 portion of the C- V 
curve. Thus, any set of parameters that gives an equally good 
fit will yield the same value of Nsat (estimated at ± 10%). 
The theoretical value expected for N sat is most strongly 
affected by the band offsets and the relation of the Fermi 
energy to the subbands and the (AI,Ga)As conduction 
bandY The maximum 2-D electron concentration occurs 
when near-flatband conditions occur between the Schottky 
and heterojunction depletion regions in the (Al,Ga)As. In 
this region, the Fermi energy is primarily determined by the 
deep energy level of the highly compensated donors for 
x ~ 0.22. In the subbands, the Fermi energy is strongly af-
fected by the subband energy levels. In Fig. 3 we show the 
relation between the donor energy Ed and the band offset 
J.Ec from experimentaLly determined values of NUl in 
MODFET's with 150- and 30-A spacers. In Fig. 3, the sub-
band energies used to calculate the charge transfer were tak-
en from Stern and Das Sarma,19 who include the significant 
effects of 2-D electron penetration into the {AI,Ga)As spacer 
and a local exchange-correlation potential Vxc • The donor 
energy of 66 meV was taken from Chand et al. 15 for doping 
densities near 2 X 1018 cm-3• For the three best devices, with 
widely varying spacer thicknesses of 150 and 30 A, a band 
offset of 76:24 was found. Assuming uncertainties of donor 
concentration Nd ± 5X 1017 cm- 3, Al mole fraction 
x ± 2%, spacer thickness d l ± 10%, interface charge 
<3X 1010 cm- 2, and donor energy Ed ± 10 meV, the un-
certainty in conduction-band offset is estimated to be 
± 5%. If the interface charge density is larger than the as-
425 Appl. Phys. Lett., Vol. 47, No.4, 15 August 1985 
sumed value, the results will be systematically increased to-
ward a larger offset. Using the Hall data of Schubert and 
Ploog, 16 one finds significantly lower effective binding ener-
gies, estimated at 30 meV for an Al mole fraction of 0.3. With 
this energy, we find an offset ratio of 66:34 ± 5. Although 
Schubert and Ploog postulate a more complex model of do-
nor incorporation, involving separate shallow and deep do-
nors, the Fermi level in the (AI,Ga)As will not significantly 
differ for a single effective heavily compensated deep donor 
level derived from the same data. 
In conclusion, we have found excellent agreement 
between theory and experiment for the C- V behavior of 
high-quality Alo.3 Gao 7 As MODFET's. The fit between the-
ory and experiment allows the accurate determination of the 
maximum 2-0 electron density which, in turn, relates the 
(Al,Ga)As/GaAs band offsets to the (AI,Ga)As donor bind-
ing energies. Offsets of 76:24 and 66:34 ± 5 were found for 
experimental donor energies of 66 and 30 me V. The conclu-
sive determination of band offsets by this method is, at pres-
ent, limited by disagreements between measurements of 
these donor energies. 
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